To facilitate the pseudochromosomes assembly and gene cloning in rapeseed, we developed a reference genetic population/map (named BnaZNF 2 ) from two sequenced cultivars, Zhongshuang11 and No.73290, those exhibit significant differences in many traits, particularly yield components. The BnaZNF 2 genetic map exhibited perfect collinearity with the physical map of B. napus, indicating its high quality. Comparative mapping revealed several genomic rearrangements between B. napus and B. rapa or B. oleracea. A total of eight and 16 QTLs were identified for pod number and seed number per pod, respectively, and of which three and five QTLs are identical to previously identified ones, whereas the other five and 11 are novel. Two new major QTL respectively for pod number and seed number per pod, qPN.A06-1 and qSN.A06-1 (R 2 = 22.8% and 32.1%), were colocalised with opposite effects, and only qPN.A06-1 was confirmed and narrowed by regional association analysis to 180 kb including only 33 annotated genes. Conditional QTL analysis and subsequent NILs test indicated that tight linkage, rather than pleiotropy, was the genetic causation of their colocalisation. Our study demonstrates potential of this reference genetic population/map for precise QTL mapping and as a base for positional gene cloning in rapeseed.
Nearly ten linkage QTL mapping studies and one association analysis study involving pod number and/or seed number per pod in rapeseed have been reported 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] , but the genetic and molecular bases of both traits remain ambiguous. First, the linkage maps used in these studies involved markers with unknown sequence information, and the genomic sequence of rapeseed was unknown, preventing the integration of these QTLs in the reference physical map and the identification of the underlying genes. Second, the genomic sequences of the parental cultivars used in these studies were unknown, complicating the development of molecular markers and the screening of candidate genes. More importantly, only a few major QTLs for pod number and/or seed number per pod have been identified, and none have been fine-mapped or further cloned.
Recent innovations in genome sequencing technology and bioinformatics have enabled the sequencing of European winter type rapeseed cultivar Darmor-bzh 13 and Chinese semi-winter type cultivar Zhongshuang11 (http://www.brassica.info/resource/sequencing.php) by our own and several other institutes. Approximately a dozen linkage maps have been developed using different genetic populations of rapeseed (http://www.brassica.info/resource/maps/published-data.php); however, the number of sequence-based markers in these linkage maps was insufficient, and none of these genetic populations were derived from Zhongshuang11. To accurately anchor and orientate the 2730 sequence scaffolds of Zhongshuang11 (http://www.ncbi.nlm.nih.gov/genome/genomes/203), a skeleton linkage map of sequence-based markers must be constructed using a reference population derived from itself. In addition, tens of rapeseed cultivars have also been resequenced (http://www.brassica.info/resource/sequencing.php) 14 . These sequenced cultivars may represent a unique genetic resource for the development of reference populations for genetic study in rapeseed.
Among the sequenced cultivars, Zhongshuang11 (de novo sequencing) and No.73290 (resequencing) exhibit significant differences in many traits related to agronomy, plant/root architecture and yield (particularly pod number and seed number per pod) 15 , suggesting that they are ideal parents for reference population construction and genetic study in rapeseed. The main objectives of the current study were the following: (1) construction of a skeleton linkage map with sequence-based polymerase chain reaction (PCR) markers using the reference population derived from Zhongshuang11 and No.73290; (2) validation of the quality of reference skeleton linkage map by comparative mapping with the physical maps of B. napus and B. rapa/B. oleracea; (3) mapping and comparison of QTLs for pod number and seed number per pod using the reference skeleton linkage map; (4) validation and fine mapping of the major QTLs by regional association analysis; and (5) dissection of the genetic basis of the colocalised QTLs for pod number and seed number per pod by conditional QTL analysis. of the current BnaZNF 2 linkage map. High collinearity was also observed between most linkage groups and the corresponding pseudochromosomes of B. rapa/B. oleracea, with the exception of C05 and C06. The discontinuous collinearity observed for C05 and C06 was also supported by the intermediate correlation between the genetic and physical positions of the aligned markers, with r = 0.586 and 0.640, respectively. A detailed comparison of the physical positions of these aligned markers revealed several obvious genomic rearrangements between the pseudochromosomes (including C05 and C06) of B. napus and B. rapa/B. oleracea: translocation in one location in A01, A02 and C01 and in two locations in C05 and C06; inversion in one location in C02 and C06; and reshuffling in A05 and C04 ( Fig. 2 ; Supplementary  Table S4) .
Phenotypic variation and correlation of pod number and seed number per pod in the parents and linkage population. The two parents (Zhongshuang11 and No.73290) differed significantly in pod number and seed number per pod in all four investigated environments ( Table 3 ). The pod number of No.73290 was approximately 50% greater than that of Zhongshuang11, while the seed number per pod of Zhongshuang11 was nearly twice that of No.73290. Interestingly, the pod number of branch inflorescence was nearly twice that of main inflorescence in both the parents and populations. A normal or near-normal distribution was observed in the populations for both traits in all four investigated environments (Fig. 3) , indicating a quantitative inheritance suitable for QTL identification. In addition, the populations exhibited transgressive segregation of both traits but with a small degree ( Table 3 ), indicating that the favourable alleles were mainly distributed on one of the two parents.
The pod number of the whole plant was significantly positively correlated with those of the main and branch inflorescence with moderate and high coefficients, respectively ( Table 4 ), suggesting that the pod number of the whole plant is mainly determined by that of the branch followed by the main inflorescence. The pod numbers of the main and branch inflorescence were also significantly positively correlated with moderate coefficient, suggesting that the genetic determination of the pod number of the main and branch inflorescence differs. The seed number per pod of the main and branch inflorescence were significantly positively correlated with high coefficient, indicating similar genetic control. As expected, the pod number and seed number per pod were significantly negatively correlated for the main and branch inflorescence as well as the whole plant, suggesting competition among sinks for assimilates. However, these correlation coefficients were all small, suggesting that the final seed yield of rapeseed (B. napus L.) could be improved by increasing its component traits, such as pod number and/ or seed number per pod.
Analysis of variance (ANOVA) revealed that genotype, environment and the genotype × environment interaction all have significant effects on both the pod number and seed number per pod of the main and branch inflorescence as well as whole plant (Supplementary Table S5 ). The broad-sense heritability of the pod number was moderate as follows: main inflorescence (0.65)> whole plant (0.49)> branch inflorescence (0.45) (Table 4) . Whereas, the broad-sense heritability of the seed number per pod was equally high for the main (0.83) and branch (0.82) inflorescence as well as whole plant (0.83).
Linkage mapping and integration of the QTLs for pod number and seed number per pod. A total of 69 QTLs (51 and 18 at significant and suggestive levels, respectively) were detected for pod number and seed number per pod in five experiments (Supplementary Table S6A ). After deleting seven non-reproducible suggestive QTLs, 16 and 46 QTLs were identified for pod number and seed number per pod, respectively, which were distributed on seven (A01, A03, A05, A06, A09, C02 and C06) and nine (A01-A03, A05-07, A09, C02 and C06) of the 19 linkage groups (Supplementary Table S6B ). Where the Table S6C ). Eight and 16 consensus QTLs were obtained for pod number and seed number per pod, respectively, and five and 13 of these were reproducible (Table 5) .
Interestingly, the numbers of identified QTLs and consensus QTLs for seed number per pod were both much larger than those for pod number, consistent with the much higher heritability of seed number per pod compared to pod number (Table 4 ). In addition, the Zhongshuang11 alleles in the majority of both the identified and consensus QTLs decreased the pod number but increased the seed number per pod (Table 5; Supplementary Table S6C) , consistent with the higher seed number per pod and lower pod number of Zhongshuang11 compared to No.73290 (Table 3 ). The consensus QTLs for pod number and seed number per pod explained 2.3-22.8% and 2.7-32.1% of the phenotypic variance, respectively. The additive/dominant effect of the consensus QTLs for pod number and seed number per pod ranged from − 9.65/− 7.48 to 7.29/9.17 and from − 1.73/− 1.05 to 1.97/1.59, respectively. Two consensus QTLs on the A06 linkage group (qPN.A06-1 and qSN.A06-1) were repeatedly detected in four and all five experiments, respectively, and displayed a large effect (R 2 = 22.8% and 32.1%); thus, they can be treated as major QTLs (Fig. 4) Physical map-based comparison of currently and previously detected QTLs for pod number and seed number per pod in rapeseed. The availability of the pseudochromosomes of B. napus 13 also enabled the physical map-based comparison of currently and previously detected QTLs for pod number and seed number per pod in rapeseed. The corresponding genomic intervals of these QTLs were determined by BLAST/e-PCR analysis using the associated markers (within confidence intervals) with available probe/primer sequences against the physical map of B. napus.
The genomic regions of the majority (≈ 80%) of these QTL could be determined, of which approximately a quarter overlapped ( qSN-OP3-C6b/qSN-LP1-C6 and qSNC6, qSS.N19 and qSN.C9-3, which were identified in previous studies 2, 4, 5, 9, 11, 12 , were also determined to be identical.
Fine mapping of the major QTLs for pod number and seed number per pod by regional association analysis. To further fine-map the two colocalised major QTLs for pod number and seed number per pod, regional association analysis was conducted. The corresponding genomic region of the target major QTL was identified by the alignment of the primer-pairs sequences of the molecular markers within the QTL interval and reference genomic sequences of B. napus 13 and B. rapa 16 . A total of 103 putative single-locus SSR markers (Supplementary Table S8 ) within the corresponding ~1.7 Mb genomic region of B. rapa 18 were synthesised and used to screen polymorphism among several mini-core collection of the association population 15 . Of these, 35 SSR markers that amplified only one main band and exhibited obvious polymorphism were selected for further regional association analysis.
A large range of phenotypic variation was observed for both pod number (32-106) and seed number per pod (7.6-28.0) among the 576 inbred lines of the association population. Based on population structure and family relatedness, regional association analysis was conducted using mixed linear Table 3 . Phenotypic variation of pod number and seed number per pod for the two parents and populations in four investigated environments. PNm/PNb/PNw and SNPPm/SNPPb/SNPPw are the abbreviations of pod number and seed number per pod, respectively, for the main inflorescence/branch inflorescence/whole plant. mode (MLM) by TASSEL3.0 software. Interestingly, a significant (P < 0.001) association signal was only observed for pod number and not for seed number per pod (Fig. 5) . Of the six SSR markers associated with pod number, BrSF46-177 displayed the strongest association signal (P = 2.2E-08 and R 2 = 8.7%); this signal was very close (13 kb) to the peak marker (BrSF46-167) of qPN.A06-1 identified by linkage analysis ( Fig. 1 ; Table 5 ). Therefore, the confidence interval of qPN.A06-1 was defined by genomic region between BrSF46-136 and BrSF46-238, which corresponds to 180 kb (from 22,607 to 22,787 kb) including Table 6 . The common QTLs identified in the current and previous studies for pod number and seed number per pod.
only 33 annotated genes in the reference genome of B. napus (Table 7) . Because the extent of linkage disequilibrium (LD) decay for the target QTL region was estimated to be 193 kb (Fig. 6) , it was impossible to further fine-map it using the current association population. In addition, the -log(P) values of the association of the six SSR markers with pod number and seed number per pod were not accordant (Fig. 5) . These results also suggested that the colocalisation of qPN.A06-1 and qSN.A06-1 was not likely caused by pleiotropy.
Dissection of the genetic basis of the colocalised QTLs for pod number and seed number per pod by conditional QTL analysis. To determine the genetic basis (pleiotropy vs. tight-linkage) of the colocalisation of qPN.A06-1 and qSN.A06-1 in the same experiments, conditional QTL analysis was performed in both the linkage and association populations ( Table 8) . Regardless of whether pod number was conditioned by seed number per pod or seed number per pod was conditioned by pod number, the LOD values and R 2 of the two major QTLs, as well as the -log(P) values and R 2 of the six associated markers, exhibited only a small variation. These results suggest that tight linkage rather than pleiotropy is more likely the genetic basis of the colocalisation of qPN.A06-1 and qSN.A06-1.
Discussion
In the current study, an F 2 population from two sequenced rapeseed cultivars was developed. Among the reported genetic populations in rapeseed 5, [19] [20] [21] [22] [23] [24] , this is the first for which parental genomic information is available, which will greatly facilitate subsequent studies. In addition, Zhongshuang11 and No.73290 exhibit large differences in many traits related to agronomy, plant/root architecture and yield 15 . More importantly, many QTLs with relatively large effects have been identified in this population, including for pod length, seed weight 15 , pod number, seed number per pod (Table 5 ) and flowering time (Shi et al. unpublished data) . Due to the heterozygosity of the current BnaZNF 2 population, the corresponding recombinant inbred lines population (named BnaZNRIL) was also developed in our lab. All major QTLs identified from the BnaZNF 2 population have been fine-mapped in our laboratory, and the functional validation of the candidate genes is in progress. Therefore, the BnaZNF 2 /BnaZNRIL population is an ideal reference population for QTL mapping and map-based gene cloning in rapeseed.
To facilitate pseudochromosome assembly of Zhongshuang11, a skeleton linkage map of 803 sequence-based PCR markers was constructed using the BnaZNF 2 population (Table 1) . A total of 561 markers (499 SSR, 31 SNP and all 31 InDel) on the BnaZNF 2 linkage map were developed in this study (Supplementary Table S2 ), increasing the number of sequence-based PCR markers in rapeseed 14 . To our knowledge, this is the first rapeseed linkage map comprising only sequence-based PCR markers. In addition, the current linkage map mainly (88.4%) comprises SSR markers and has more SSR markers (710) than other published linkage maps of B. napus (http://www.brassica.info/resource/maps/ published-data.php). These favourable characteristics will facilitate the easy transfer of these markers to other genetic populations and the comparison/integration of different linkage maps in B. napus as well as in other Brassica species 25, 26 . The existence of short linkage groups is commonly observed in published linkage maps of B. napus 5, 9, 12, [27] [28] [29] [30] , but the detailed causation (insufficient number of markers, poor polymorphism of parents and low frequency of recombination) has not been investigated. Although a total of 9351 primer-pairs were used to screen the polymorphic markers for map construction (Supplementary Table S1 ), five short linkage groups were also identified in the current BnaZNF 2 linkage map (Table 1) . Of these, four linkage groups (A08, A10, C07 and C09; A05 was the exception) were nearly the same short length in a high-density genetic map constructed using the BnaZNRIL population and the Brassica 60K Illumina Infinium SNP array (Shi et al. unpublished data) ; therefore, they were unlikely to be caused by an insufficient number of markers. Because its genomic coverage ratio was not low, the short length of the C09 linkage group was obviously due to its low recombination frequency among all 19 linkage groups. For the A08, A10 and C07 linkage groups, their short length is likely due to the low polymorphism between parents because their genomic coverage ratios were very low, while the recombination frequencies were not low. In fact, the A08 and A10 linkage groups are also short in more than half of the published linkage maps of B. napus 5,9,12,27-29,31
. Thus, a lack of genetic diversity is likely a common characteristic of the Table 8 . Conditional analysis on the target major QTL region in both linkage and association population.
two chromosomes in rapeseed, which may indicate a new direction for breaking the genetic bottleneck in rapeseed cultivars. Interestingly, most of the distorted markers tended to cluster on both ends of the linkage groups and skew to the same parent (Supplementary Table S3 ). This clustering is not likely due to chance and suggests the presence of a segregation distortion region (SDR) in rapeseed, which can be explained by factors such as the selection of gametophytes and sporophytes, homeologous recombination and residual heterozygosity in parents 32 . The major part of the constructed BnaZNF 2 linkage map and physical map of B. napus were collinear ( Fig. 2; Table 2 ), suggesting its high quality and suitability for rapeseed genomic studies such as pseudochromosome assembly and comparative mapping. The inconsistency between the genetic and physical distance of a few tightly-linked markers (Supplementary Table S4 ) may be due to genotyping errors, misanchored scaffolds or distorted markers. This is the first comparative study of the genetic and physical map of rapeseed. The BnaZNF 2 skeleton linkage map-based comparison of the physical maps of B. napus and B. rapa or B. oleracea revealed several genomic rearrangements (including inversion, translocation and reshuffling) between these species. These rearrangements should occur very recently, after the formation of B. napus from the progenitors of the two diploid species B. rapa and B. oleracea. This finding is consistent with the reported genomic rearrangements in the resynthesised Brassica polyploids, including B. napus [33] [34] [35] [36] . In the reported linkage 2,4-9,11,12 and association 10 mapping studies of pod number and/or seed number per pod, more than 70 and 80 QTLs have been detected for pod number and seed number per pod, respectively, distributed on 16 (excluding A04, C04 and C07) and 17 (excluding C04 and C07) of the 19 linkage groups (Supplementary Table S7 ). Most of these QTLs exhibited a moderate effect, and only two on A02 (qSNP2) and C01 (qSNP11b) for pod number, three on A01 (qSNA1), C03 (cqSS.N13) and C09 (qSS.C9) for seed number per pod, and one on C01 (qSNP11a/qSS11) for both traits could be considered major QTLs 6, 7, 11 . In the current linkage and regional association analysis study, a total of eight and 16 QTLs were identified for pod number and seed number per pod, respectively, which were distributed on seven (A01, A03, A05, A06, A09, C02 and C06) and nine (A01-A03, A05-07, A09, C02 and C06) of the 19 linkage groups (Table 5) . One and two thirds of them, respectively, exhibited a relatively large (R 2 ≥ 10%) or moderate (R 2 < 10%) effect, and only two each for pod number and seed number per pod should be considered major QTLs. The recent completion of sequencing and assembling of rapeseed genome enabled the first physical map-based comparative QTL analysis in the current study, which undoubtedly increased the accuracy of comparison. Only three QTLs for pod number and five QTLs for seed number per pod identified in the current study had been reported previously (Table 6 ), whereas the remaining five and 11 are novel (Supplementary Table S7 ). In addition, seven pairs of QTLs for pod number and nine pairs of QTLs for seed number per pod, those had been reported in the previous studies 2, 4, 5, 9, 11, 12 , are also identical. The aforementioned 24 pairs of QTLs common to the current and previous studies should be potential targets for marker-assisted selection to improve yield in rapeseed. More importantly, the major QTLs identified across these studies will be important targets of map-based gene cloning for elucidating the molecular basis of yield in rapeseed. These results demonstrate that both pod number and seed number per pod are controlled by a large number of loci that are distributed on nearly all of the 19 linkage groups and mostly exhibit moderate effects, which strongly suggests the complexity of the genetic architecture of both traits. This complexity is understandable because the pod number per plant and seed number per pod are affected by many biological/developmental processes, including inflorescence/flower/ovule differentiation, fertilization and pod/seed development [37] [38] [39] , each of which involves many genes 40, 41 . Several major QTLs for pod number and/or seed number per pod had been identified in previous QTL mapping studies 6, 7, 11, 12 , but none have been fine-mapped and further cloned. The traditional/classical fine mapping strategy is based on screening of recombinant individuals from a large-scale segregation population of near-isogenic lines (NILs) developed from several rounds of successive backcrossing and/ or self-crossing, which is time-consuming and labour intensive 42 . To directly fine-map the two colocalised major QTL (qPN. A06-1 and qSN.A06-1 ) identified in the current study, a regional association strategy was proposed by using the high resolution of the natural population 15 . Using this strategy, qPN. A06-1 was successfully narrowed to a much smaller (approximately 1/7) interval of 180 kb including only 33 annotated genes (Fig. 5) . This result suggests that regional association analysis is an effective and highly efficient strategy for direct fine mapping of target major QTLs identified by preliminary linkage analysis. According to the detailed annotation of the 33 genes (Table 7) , a homeodomain-like superfamily protein gene GSBRNA2T00001826001 was likely to be the candidate 43 , because the two parents Zhongshuang11 and No.73290 showed significant difference in flowering time and flower organ number. To further confirm the candidate gene(s), comparative sequencing of the 180 kb genomic region between the two parents is in progress. However, qSN.A06-1 was not validated by regional association analysis using the same association population and markers. This failure may have occurred because the genetic variation responsible for the major QTL of seed number per pod is rare in our association population or the expression of this major QTL depends on the genetic background 44 . These results suggest that the use of regional association analysis for fine mapping of the target major QTL depends on the type of variants (rare or common) and/or genetic background. These results also suggest that the fine mapping of qSN.A06-1 have to use the traditional/classical NIL strategy. Resource limitation force an organism to allocate energy to processes in a competitive manner 45 . In seed plants, the major trade-off between the number of fruits per inflorescence/plant and the number of seeds per fruit, which was traditionally explained by antagonistic pleiotropy, can be quantitated/reflected by the negative coefficients of genetic correlation 3 . For rapeseed, the negative correlation between pod number and seed number per pod has been commonly observed, including in the present study, and is consistent with the opposite additive-effect direction of most of the colocalised QTLs for both traits 2, 6, 9, 46 . However, the genetic basis of these colocalised QTLs with the opposite effect for both traits has not previously been investigated and remains unknown. The existence of two colocalised major QTL with opposite direction for pod number and seed number per pod in the current study provided an ideal example to test the hypothesis of antagonistic pleiotropy. The genetic basis of their colocalisation was then investigated by further regional association analysis (Fig. 5) followed by conditional QTL analysis ( Table 8 ). The results of both analyses suggested that their colocalisation was caused by tight-linkage rather than pleiotropy, which was also confirmed by the subsequent measurement of both traits on the NILs that were recombinant at the target major QTL region (Shi et al. unpublished data) . This is the first study that provides solid evidences to clearly demonstrate a negative correlation between yield component traits in rapeseed as well as other crops. The existence of two tightly linked major QTLs for pod number and seed number per pod also indicates the retention of a large linkage drag during the breeding of the elite rapeseed cultivar Zhongshuang11. Therefore, the strategy described in this paper will be effective in increasing the pod number of Zhongshuang11 without decreasing the seed number per pod via the introgression of qPN.A6 through backcross and marker-assisted selection 47 .
Methods
Population construction, field experiment and trait measurement. The reference genetic population (named BnaZNF 2 ) used for the linkage analysis included 184 F 2 individuals derived from Zhongshuang11 and No.73290. The natural population used for the association analysis was described in our previous study and comprises 576 global inbred lines, including the two parents of the linkage population . The planting of the F 2:3 , F 2:4 and association populations followed a randomised complete block design with two to three replications. Each block contained two rows, with 33.3 cm between rows and 16.7 cm between individual plants. The seeds were sown by hand, and the field management followed standard agricultural practice. In each block, 10 representative individuals from the middle of each row were harvested by hand at maturity.
Pod number was measured as the number of effective pods on the main inflorescence, branch inflorescence and whole plant, respectively (PNm, PNb and PNw). Seed number per pod was calculated as the number of well-filled seeds on the main inflorescence, branch inflorescence and whole plant, respectively, divided by the corresponding pod number (SNPPm, SNPPb and SNPPw).
Molecular marker analysis and linkage map construction. Three groups of molecular markers
were first used to screen polymorphism between the two parents of the linkage population, and the single-locus markers were then used to screen the mini-core collection of the association population. The first group, mainly consisting of SSR and STS markers, was downloaded from the public database of Brassica (http://www.brassica.info/resource/markers.php; http://brassica.nbi.ac.uk/IMSORB/). The second group, consisting of SSR markers (prefixed "BoSF", "BrSF" and "BnSF"), was developed by our lab from the sequence scaffolds of B. rapa, B. oleracea and B. napus 18 . The third group consisted of SNP (prefixed "snap" and "ns") and InDel (prefixed "BnID") markers and was developed in our lab from the re-sequencing of several B. oleracea cultivars 48 and No.73290 14 . For markers detected at more than one polymorphic locus, a lowercase alphabetic letter was added to distinguish the different loci. PCR, electrophoresis and silver staining were performed as previously described 18 . The genetic linkage map was constructed using the software JoinMap 4.0 (http://www.kyazma.nl/ index.php/mc.JoinMap) using a threshold for goodness-of-fit of ≤ 5, a recombination frequency of < 0.4 and minimum logarithm of odds (LOD) score of 2.0. All genetic distances were expressed in centimorgans (cM) as derived by the Kosambi function. Double-crossover events were examined, and the original scores were rechecked for potential scoring errors.
Linkage groups were assigned to the corresponding chromosomes (A01-A10; C01-C09) based on the common markers in the reported linkage maps of B. napus (http://www.brassica.info/CropStore/maps. php) 5, 20, 22, [49] [50] [51] [52] . QTL mapping and integration. QTL mapping was conducted using the composite interval mapping (CIM) procedure 53 incorporated in WinQTLCart v2.5 software (http://statgen.ncsu.edu/qtlcart/ WQTLCart.htm). The walk speed, number of control markers, window size and regression method were set to 1 cM, 5, 10 cM and forward regression, respectively. The default minimum distance between QTLs (5 cM) and minimum LOD from top to valley (1) were used to define a QTL peak in an experiment. The experiment-wise LOD threshold was determined by permutation analysis 54 with 1000 repetitions. The LOD score corresponding to P = 0.05 (3.0-4.6) was used to identify significant QTLs. To avoid missing QTLs with a relatively small effect, a lower LOD score, corresponding to P = 0.10 (2.6-4.1), was adopted for the presence of suggestive QTLs. Both significant QTLs and reproducible suggestive QTLs were admitted 55 and named as identified QTLs. Because QTLs detected in different experiments and mapped to the same region of a chromosome might be several estimates of the position of a single QTL 56 , integration of these reproducible QTLs was conducted.
Linkage disequilibrium and regional association analysis. Linkage disequilibrium (LD) was estimated as the correlation coefficient R 2 between all pairs of markers using the standalone software TASSEL v3.0 57 . Rare alleles with a frequency of < 0.05 were treated as missing data. The background level of LD was defined as the 95% quantile of the R 2 value among unlinked markers 58 . The LD decay was calculated using the linked markers as previously described 58 . The structure of the association population was inferred using the software STRUCTURE v2.3.4 59 . The iteration number and K-value (the putative number of genetic groups) were set to 3 and from 1 to 10, respectively. Both the length of the burnin period and number of MCMC (Markov Chain Monte Carlo) replications after burnin were set to 10000. The most likely K-value was determined by posterior probability [LnP(D)] and an ad hoc statistic Δ k based on the rate of change in LnP(D) between successive k 60 . The relative kinship of the 576 inbred lines of the association population was calculated using SPAGeDi v1.4 software 61 . All negative kinship values between individuals were set to zero. The regional association analysis was conducted using single-locus SSR markers within the confidence interval of the target major QTL in the association population of 576 inbred lines. Based on the population structure and relative kinship (Q and K matrix), the calculation was performed with a mixed linear model (MLM) incorporated into the TASSEL v3.0 software. The threshold of the significant marker-trait association was set to P ≤ 0.001. , where cov Gxy is the genotypic covariance and σ Gx 2 and σ Gy 2 are the variances of the pairwise traits. The significance of each genetic correlation was determined using a t-test of the correlation coefficients 64 . The components of variance/covariance and the coefficients of correlation were estimated using the PROC GLM or CORR procedure, respectively, incorporated into SAS software version 8.1. The Excel statistical functions CHISQ.TEST and T.TEST were used to obtain the significance level (P x 2 -test and P t-test ) of the degree-of-fit and differences, respectively.
Conditional QTL analysis.

